Introduction
Recurrent somatic mutations of the calreticulin (CALR) gene were previously reported in a subset of patients with essential thrombocythemia (ET) and primary myelofibrosis (PMF), a subcategory of Philadelphia chromosome-negative myeloproliferative neoplasms (MPNs); however, the mechanism by which CALR mutations promote tumorigenesis remains poorly understood.
1,2 CALR mutations exclusively comprise frameshift mutations in exon 9, which result in the generation of a novel amino acid sequence at the carboxyl terminus (C terminus) of CALR mutant proteins in patients with MPNs. [1] [2] [3] [4] Because the frameshift mutations were limited to 1 of 2 alternative reading frames, CALR mutations in MPN are likely gain-of-function mutations. Furthermore, CALR mutations are not concurrently found with other driver mutations such as Janus kinase 2 V617F (JAK2V617F) and MPLW515K/L in ET and PMF patients. [1] [2] [3] [4] [5] [6] [7] [8] Because mutant JAK2 and thrombopoietin (TPO) receptor (c-MPL) proteins exhibit gain-of-function properties in patients with MPNs, mutant CALR is thought to be involved in activating the c-MPL and JAK2 pathways. Accordingly, the expression of mutant CALR activates the JAK2 signaling pathway, freeing Ba/F3 cells from interleukin-3 dependency. 1 However, CALR was previously thought to function as a chaperone in the endoplasmic reticulum (ER), and its relation to the c-MPL and JAK2 pathway remains poorly understood. 9 In this work, we used UT-7/TPO cells and induced pluripotent stem cell (iPS)-derived hematopoietic cells to study the mechanism(s) by which mutant calreticulin promotes development of MPNs.
Methods
Cell culture and proliferation assay UT-7/TPO, UT-7/EPO, and HEK293T cells were cultured, as described previously. [10] [11] [12] UT-7/TPO-derived cell lines expressing mutant CALR were cultured in the absence of TPO. For cell proliferation assay ( Figure 1C -D), 1 3 10 4 cells were cultured in a 96-well plate with 100 mL of medium and evaluated with Cell Count Reagent SF (Nacalai Tesque) following the manufacturer's protocol. Cell viability ( Figure 2D ) was determined by Trypan blue dye exclusion assay using the TC10 Cell Counter (Bio-Rad). For the coculture experiment, UT-7/TPO cells were labeled with CellTrace Violet (Thermo Fisher) according to the manufacturer's protocol, cultured with the same number of UT-7/TPO/CALR Ins5 cells for 3 days in the absence of TPO, and labeled cells were counted with counting beads (Thermo Fisher) using the EC800 analyzer (SONY).
Plasmids
Complementary DNAs (cDNAs) encoding wild-type (WT), Del52, and Ins5 CALR with a carboxyl-terminal (C-terminal) FLAG-tags were polymerase chain reaction (PCR)-amplified and subcloned into the EcoRI site of the pMSCV-IRES-green fluorescence protein (GFP) vector (Addgene #20672) and the HindIII and EcoRI sites of the pcDNA3.1 vector (Life Technologies). To express short hairpin RNA (shRNA), we constructed the pLKO.3R vector by replacing the cDNA for GFP in pLKO.3G (Addgene #14748) with DsRed-express cDNA (Clontech). The following oligonucleotides containing shRNA sequences obtained from the RNAi consortium database (Broad Institute) were subcloned into the AgeI and EcoRI sites of pLKO.3R: Nontargeting sh: 59-CCGGCAA CAAGATGAAGAGCACCAACTCGAGTTGGTGCTCTTCATCTTGTT GTTTTTG-39; c-MPLsh1: 59-CCGGTCCTGCCTCTTTGAGTATATTCTC GAGAATATACTCAAAGAGGCAGGATTTTTG-39; c-MPLsh2: 59-CCGG GCCCAAGAGACCTGTTATCAACTCGAGTTGATAACAGGTCTCT TGGGCTTTTTG-39; c-MPLsh3: 59-CCGGCCTACCTACCACTAAGCTAT TCTCGAGAATAGCTTAGTGGTAGGTAGGTTTTTG-39; c-MPLsh4: 59-C CGGCCTCTGGGTGAAGAATGTGTTCTCGAGAACACATTCTTCA CCCAGAGGTTTTTG-39. C-terminal HA-or V5-tagged c-MPL was PCRamplified and subcloned into the EcoRI and XhoI sites of the pcDNA3.1 vector. A series of plasmids for the expression of truncated mutant of CALR Ins5 was constructed via PCR-based mutagenesis and subsequent cloning into pcDNA3.1. All plasmids constructed for this study were verified by sequencing before use.
Virus production and infection
Retrovirus vectors and MD2G were cotransfected into Platinum-GP packaging cells (Cell Biolabs). Lentiviruses were produced as previously described. 12 The virus-containing medium was collected 48 and 72 hours after the cells were transfected, and pooled media were then centrifuged at 30 000g for 3 hours at 4°C. The pellet was suspended with media to obtain concentrated virus. To establish cell lines expressing various CALR constructs, cells were infected once with concentrated retroviruses at an infection efficiency of ;30% in the presence of polybrene, and the GFP-positive infected cells were sorted using the FACSAria II (BD Biosciences). For the c-MPL knockdown experiments, cells were infected with concentrated lentiviruses in the presence of polybrene; the infection was confirmed by detecting the red fluorescent signal using the FACSCalibur (BD Biosciences).
Co-IP assay
Cells were washed with phosphate-buffered saline (PBS) containing 2 mM orthovanadate and then sonicated in coimmunoprecipitation (co-IP) buffer (PBS containing 0.1% Triton X-100, 5 mM EDTA, 2 mM orthovanadate, 10 mM b-glycerophosphate) supplemented with a protease inhibitor cocktail (1 mg/mL aprotinin, 2 mg/mL E-64, 1 mg/mL leupeptin, 0.67 mg/mL bestatin, 0.67 mg/mL pepstatin, and 43.5 mg/mL PMSF). Protein concentration was determined using a BCA protein assay kit (Thermo Fisher). For the co-IP assay, cell extracts were incubated with 1.0 mg of anti-FLAG (WAKO #018-22381) or anti-V5 (Life Technologies #46-0705) on ice for 1 hour, and subsequently mixed with Dynabeads Protein G (Life Technologies) for 30 minutes at 4°C. The beads were then washed twice with co-IP buffer. Finally, bound proteins were extracted by boiling in sodium dodecyl sulfate-polyacrylamide gel electrophoresis sample buffer and subsequently electrophoresed and blotted onto polyvinylidene fluoride membranes (Millipore) for immunoblot analysis. To adjust for the differential accumulation of endogenous c-MPL protein in UT-7/TPO-derived cells, 2.7 mg of extract was used for vector-and WT-expressing cells, whereas 2.0 mg of extract was used for Del52-and Ins5-expressing cells in the co-IP reaction. To prepare extracts for co-IP experiments with HEK293T cells, cells were cotransfected with the indicated vectors using Lipofectamine 2000 (Invitrogen) and cultured for 48 hours before harvest. One hundred micrograms of extract prepared from HEK293T cells was subjected to the co-IP assay. To adjust the expression levels of CALR protein in transfected HEK293T cells, CALR Ins5-and Del52-expressing cells were transfected with 4 and 8 times more plasmid, respectively, than CALR WT-expressing cells ( Figure 3B-C) . For the co-IP experiments in Figure 4 , equal amounts of each construct were used. For the co-IP experiment in Figure 5A , the amount of CALR Ins5 plasmids were half of the amounts of CALR Del52 and other plasmids to lower the level of CALR Ins5 against unstable CALR Del52.
Immunoblot analysis
To prepare extracts, cells were washed with PBS containing 2 mM orthovanadate and then sonicated in RIPA buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% NP-40, 1% sodium deoxycholate) containing 2 mM orthovanadate and a protease inhibitor cocktail. To inhibit JAK2, cells were treated with 3 mM JAK Inhibitor I (Calbiochem) for 17 hours before the preparation of cell extracts. Equal amounts of protein were denatured, electrophoresed, and blotted to polyvinylidene fluoride membranes. The following primary antibodies were used for immunoblot detection: anti-FLAG (Sigma-Aldrich #7425), anti-HA (Santa Cruz #sc-805), anti-c-MPL (IBL #18505), HRP-conjugated anti-V5 (Invitrogen #46-070; Figure 3C ), anti-V5 (Invitrogen #46-0705), antiextracellular signal-regulated kinase (ERK1; BD Biosciences #610030), and the following antibodies from Cell Signaling: , and 5A-B. The chemiluminescence reaction was performed using ECL Western Blotting Femto (Thermo Fisher), and images were captured using an LAS-3000 or LAS-4000 instrument (Fuji). The data were quantified using ImageJ software. 13 
Real-time quantitative PCR
To measure the level of c-MPL messenger RNA (mRNA) (Figure 2 ), shRNAexpressing cells marked by DsRed-express were sorted and collected by MoFlo (Beckman). Total RNA preparation, cDNA synthesis, and quantitative PCR were performed as previously described, 12 using the following primers for c-MPL quantitative PCR: 59-CTGAAGTGTTTCTCCCGAACAT-39 and 59-GCGG GTAGGCATACAGCAG-39.
Surface protein isolation and subcellular fractionation
Cell surface protein isolation and subcellular fractionation were performed by the Cell Surface Protein Isolation Kit (Thermo Fisher) and the Qproteome Cell Compartment Kit (Qiagen), respectively, according to the manufacturers' protocols.
iPS cell establishment and megakaryocyte induction iPS cells were established from an ET patient harboring the CALR Ins5 mutation by a standard method (H.T., S.M., M.A., N.M., Y.H., Y.M., Y.E., Y.S., Hiroshi Endo, Sou Nakamura, Koji Eto, A.O., and N.K., manuscript in preparation). 14 The CALR mutation in the iPS cells was verified after establishment. After generating hematopoietic stem cells from iPS cells, megakaryopoiesis was induced and monitored by anti-CD42b-APC (BD Bioscience), as described previously. 15 This study was conducted in accordance with the Declaration of Helsinki and was approved by the ethics committee at Juntendo University School of Medicine (institutional review board #2015041). Written informed consent for the use of samples and clinical records was obtained from the patient before sample collection.
Results

CALR promotes cytokine-independent growth in UT-7/TPO cells
Because a genetic link between CALR and c-MPL was recognized in MPN development, we used the human cell line UT-7/TPO, which endogenously expresses functional c-MPL protein and responds to TPO. 10 To test the ability of mutant CALR to promote cytokineindependent growth in UT-7/TPO cells, we used a retrovirus vector system to introduce an empty vector, FLAG-tagged mutant CALR type 1 (Del52), FLAG-tagged mutant CALR type 2 (Ins5) ( Figure 1A ), 1 or FLAG-tagged CALR WT cDNA, thus generating UT-7/TPO vector-, UT-7/TPO CALR Del52-, UT-7/TPO CALR Ins5-, and UT-7/TPO CALR WT-expressing cells, respectively. The infected cells were then sorted by GFP, which was simultaneously expressed with CALR by the IRES system. As shown in Figure 1B , exogenous CALR expression was detected by immunoblot analysis with anti-FLAG antibody. Interestingly, accumulation of mutant CALR was strongly suppressed, presumably owing to protein degradation, as we detected similar levels of integrated FLAG-tagged CALR mRNA expression (data not shown) and comparable levels of GFP signals in conjunction with FLAGtagged CALR in established cell lines (data not shown).
The dependence of the established cell lines on cytokines was then examined. As shown in Figure 1C , UT-7/TPO CALR Del52-or Ins5-expressing cells proliferate even in the absence of TPO, whereas UT-7/TPO vector-or WT-expressing cells stop proliferating, indicating that the expression of mutant CALR promotes cytokine-independent growth in human UT-7/TPO cells. Unlike UT-7/TPO, UT-7/EPO cells express erythropoietin (EPO) receptor (EPOR) but not c-MPL and thus require EPO for proliferation.
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These cells did not proliferate in the absence of EPO, even when CALR Del52 or Ins5 was expressed ( Figure 1D ). UT-7/EPO and UT-7/TPO cells were originally established from the same parental cell line, UT-7 16 ; however, their receptor expression levels and cytokine responses differ. Because c-MPL expression correlated with the induction of cytokine-independent growth by mutant CALR, we hypothesize that mutant CALR activates either c-MPL Figure 1 . Cytokine-independent cell growth induced by mutant CALR. (A) Retroviral vector constructs for the introduction and expression of CALR genes. These constructs produce C terminus FLAGtagged WT CALR, mutant CALR type 1 (Del52), or mutant CALR type 2 (Ins5). 1 For personal use only. on September 18, 2019. by guest www.bloodjournal.org From itself or molecules in the downstream pathway to induce the cytokineindependent growth of UT-7/TPO cells. To investigate the involvement of c-MPL in cytokine-independent growth of UT-7/TPO CALR Del52-and Ins5-expressing cells, we examined whether c-MPL is required for mutant CALR to function. Lentiviral vectors harboring nontargeting shRNA or 3 independent shRNA sequences against c-MPL were generated (see our "Methods" for further details). All 3 shRNAs that target c-MPL, but not the nontargeting shRNA, significantly knocked down c-MPL expression 48 hours after the infection of UT-7/TPO CALR Del52-expressing cells (Figure 2A-B) . These viruses were then used to infect the UT-7/TPO CALR Del52-expressing cells at an infection rate exceeding 80% ( Figure 2C) ; cell viability was monitored 24 and 72 hours after infection. As shown in Figure 2D , when c-MPL was knocked down, more than 60% of UT-7/TPO CALR Del52-expressing cells were killed 72 hours after infection, whereas the viability of cells infected with nontargeting shRNA was not significantly affected. This observation indicates that c-MPL is required for the cytokine-independent growth of UT-7/TPO cells induced by mutant CALR.
Mutant CALR preferentially binds to c-MPL
Because c-MPL and mutant CALR were found to cooperate in the induction of cytokine-independent growth in UT-7/TPO cells, we next examined whether c-MPL and mutant CALR proteins physically interact in UT-7/TPO cells. To this end, we performed a co-IP assay with extracts prepared from UT-7/TPO cells expressing vector, CALR WT, Del52, or Ins5 (Figure 1 ). When FLAG-tagged CALR proteins were immunoprecipitated using the FLAG antibody, c-MPL was preferentially recovered from CALR Del52-and Ins5-expressing cells but not from CALR WT-expressing cells ( Figure 3A ).
To further demonstrate the interaction between c-MPL and mutant CALR proteins, we performed a co-IP assay in HEK293T cells. Specifically, we cotransfected cells to express c-MPL and various CALR proteins (see our "Methods" for further details). Consistent with the results obtained in UT-7/TPO cells, FLAG-tagged CALR Del52 and Ins5, but not CALR WT, coprecipitated with HA-tagged c-MPL from HEK293T cell extracts ( Figure 3B) . In a reciprocal experiment with V5-tagged c-MPL as bait, FLAG-tagged CALR Del52 and Ins5, but not CALR WT, were recovered with c-MPL ( Figure 3C ). These results indicate that mutant CALR preferentially interacts with c-MPL and strongly suggest that mutant CALR activates c-MPL via direct interaction, which directly induces the cytokine-independent growth in UT-7/TPO cells.
The mutant-specific domain of CALR is required for c-MPL interaction
To further investigate the molecular mechanism by which mutant CALR preferentially binds to c-MPL, we created vectors that express a series of truncated forms of FLAG-tagged CALR Ins5 based on the structure of CALR ( Figure 4A) . [17] [18] [19] These vectors were cotransfected into HEK293T cells expressing V5-tagged c-MPL, and the capacity of various forms of CALR Ins5 to bind to c-MPL was examined by co-IP assay. These experiments demonstrated that deleting the mutantspecific sequences encoded by amino acids 367 to 430 in CALR Ins5, which are commonly generated by various frameshift mutations in patients with MPNs harboring CALR mutations (see our "Introduction" for more details), abolished c-MPL binding (D367-430 and D309-430, Figure 4A-B) . Because the CALR mutant-specific sequence is required for the c-MPL interaction, we first postulated that the interaction between c-MPL and CALR Ins5 is mediated by amino acids 309 to 430 of CALR Ins5. Contrary to this expectation, CALR Ins5 mutants harboring this C-terminal sequence, such as D1-197 and D1-308, were not able to bind to c-MPL (Figure 4A-B) . Furthermore, although amino acids 309 to 430 of CALR Ins5 are required for c-MPL binding, CALR D198-430, which lacks the C-terminal mutant-specific domain, can strongly bind to c-MPL ( Figure 4A-B) . In addition, deletion of amino acids 18 to 197 results in a loss of c-MPL interaction. Because these findings contradicted our hypothesis and because CALR D198-430 robustly bound to c-MPL, we hypothesized that the Ndomain of CALR, which has been reported to exhibit a chaperon function, 17, 18 is the bona fide c-MPL binding domain, although the function of the mutant-specific sequence remains unclear.
Examining other truncated CALR proteins, we found that the N-domain could bind to c-MPL in either the presence of the mutantspecific C terminus domain (Ins5 and D1-17, Figure 4A -B) or the absence of P-domain (D198-308 and D198-430, Figure 4A-B) . Interestingly, when the P-domain is present and the mutant-specific C terminus domain is missing, all CALR mutants harboring the N-domain, such as WT, D367-430, and D309-430, failed to interact with c-MPL ( Figure 4A-B) . These findings imply that amino acids 309 to 430 are required for CALR Ins5 to interact with c-MPL via the N-domain. Our analysis strongly suggests that the unique C terminus extension of mutant CALR exhibits a gain-of-function property by interfering with the P-domain to allow the N-domain to interact with c-MPL ( Figure 4C ).
c-MPL-dependent JAK2 interaction with mutant CALR
Although we demonstrated that mutant CALR preferentially interacts with c-MPL, the mechanism by which it induces cytokine-independent growth remains unelucidated. Because patients with MPNs harboring For personal use only. on September 18, 2019. by guest www.bloodjournal.org From CALR mutations respond to JAK inhibitor treatment, 20 JAK2 activity is thought to be upregulated in cells harboring a CALR mutation. 1 We first hypothesized that mutant CALR interacts with JAK2 as well as c-MPL, rearranges the positions of JAK2 molecules associated with a c-MPL dimer in the membrane, 21 and finally activates JAK2. In contrast to our hypothesis, the co-IP assay of 3 components, V5-tagged JAK2, HA-tagged c-MPL, and FLAG-tagged CALR Ins5 or Del52, showed that mutant CALR only interacts with JAK2 in the presence of c-MPL ( Figure 5A ). Although mutant CALR may directly interact with JAK2 and c-MPL, our data suggest that it interacts with JAK2 via c-MPL.
Next, we asked whether mutant CALR promotes c-MPL dimerization, which should increase the chance of JAK2 activation. To this end, we performed a co-IP experiment with extracts prepared from HEK293T cells in which 2 differently tagged c-MPL proteins, HAtagged and V5-tagged, were expressed in the presence of CALR WT, Del52, or Ins5. As shown in Figure 5B , we detected an interaction between 2 c-MPL proteins as reported previously, 22 which was not significantly enhanced by mutant CALR.
c-MPL downstream activation by mutant CALR
Our findings imply that mutant CALR promotes c-MPL activation and subsequently induces the cytokine-independent growth of UT-7/TPO cells. To demonstrate that mutant CALR proteins activate c-MPL, we investigated the status of c-MPL downstream pathways in the UT-7/TPO CALR WT-, Del52-, Ins5-, and vector-expressing cells described in Figure 1 . Extracts were prepared from these cells cultured in the absence or presence of TPO. Immunoblot analysis showed that cells expressing CALR Del52 or Ins5 presented elevated levels of JAK2, ERK1/2, and STAT5 phosphorylation, even in the absence of TPO, and that these expression levels were similar to those in the control cells (vector or CALR WT) cultured in the presence of TPO ( Figure 5C ).
Interestingly, unlike the levels of JAK2 and ERK1/2 phosphorylation, the levels of STAT5 phosphorylation in UT-7/TPO CALR Del52-or Ins5-expressing cells were lower than those in vector control-or CALR WT-expressing cells cultured in the presence of TPO. This weaker activation of STAT5 by mutant CALR may explain the lower proliferation rates of UT-7/TPO CALR Del52-and Ins5-expressing cells in the absence of TPO compared with the proliferation of cells cultured in the presence of TPO ( Figure 1C) . We note that UT-7/TPO CALR Ins5-expressing cells expressed a higher level of phosphorylated ERK1/2 than did UT-7/TPO CALR Del52-expressing cells, presumably because these cells accumulated more CALR Ins5 than Del52 ( Figure 1B ). This finding may explain, at least in part, the poorer prognosis of patients with PMF harboring the CALR Ins5 mutation compared with patients with PMF harboring the CALR Del52 mutation. 8 We observed robust phosphorylation of ERK1/2 and STAT5, which were previously reported as major downstream targets of c-MPL in For personal use only. on September 18, 2019. by guest www.bloodjournal.org From megakaryocytic cells. This observation further supports our conclusion that mutant CALR activates c-MPL via JAK2 activation to induce cytokine-independent cell growth.
To demonstrate that the activation of c-MPL downstream pathways such as ERK1/2 and STAT5 by mutant CALR is mediated by the ectopic activation of JAK2, we examined the ability of JAK2 inhibitor treatment to block the phosphorylation of these molecules. When cells were incubated with 3 mM JAK2 inhibitor I for 17 hours, ERK1/2 and STAT5 phosphorylation was significantly suppressed in UT-7/TPO CALR Del52-and Ins5-expressing cells cultured in TPO-free media ( Figure 5D ), indicating that mutant CALR promotes cytokine-independent growth by activating the JAK2 pathway.
Cell surface localization of mutant CALR with no paracrine activation capacity
To further understand the molecular mechanism underlying constitutive activation of JAK2 by mutant CALR, we next determined where this activation occurs. Activation of JAK2 is achieved by the c-MPL interaction with TPO on the cell surface, and our preliminary data suggest that mutant CALR interacts with c-MPL extracellular domain (not shown); therefore, we first examined whether mutant CALR accumulates on the cell surface. By the surface protein isolation (see our "Methods" for further details), despite the lower accumulation of CALR Ins5 in total cell lysate (approximately 6-fold), we recovered 3-fold more CALR Ins5 than WT ( Figure 6A ). This indicates that CALR Ins5 exhibits a trend of cell surface localization compared with WT. Because we also observed the c-MPL accumulation on the surface of UT-7/ TPO CALR Ins5 cells ( Figure 6A ), we speculated that mutant CALR binds to c-MPL on the cell surface. In concordance with this finding, we found, in a subcellular fractionation assay, that mutant CALR protein is accumulated in a fraction containing extra cellular membrane together with c-MPL ( Figure 6B ). However, we noted that the membrane fraction ("Mem" in Figure 6B ) contained intracellular organelles (see ER marker Calnexin in Figure 6B ), where mutant CALR and c-MPL binding may occur and lead to the JAK2 activation. Nevertheless, because of the preferential accumulation of mutant CALR, we hypothesize that the mutant CALR interacts with c-MPL on the cell surface and activates JAK2 via c-MPL.
Although WT CALR is known to localize to the ER, it can be secreted and play a nonchaperone function outside of cells. 23, 24 Thus, we next examined whether mutant CALR possesses the capacity to induce cytokine-independent growth in a paracrine fashion. We cocultured dye-labeled UT-7/TPO with UT-7/TPO CALR Ins5 cells and examined cell proliferation in the absence of TPO. As shown in Figure 6C , coculture did not promote cell proliferation in UT-7/TPO cells (left top and bottom panels in Figure 6C ). We therefore conclude that mutant CALR activates internal JAK2 for promoting cytokineindependent growth in UT-7/TPO cells. . 25 To demonstrate the c-MPL requirement in TPOindependent megakaryopoiesis, we knocked down c-MPL expression using shRNA. The results indicated that the induction of CD42b 1 megakaryocytes were greatly reduced in the cells infected with c-MPL but not control shRNA. (Figure 7A ). These data imply that the mutant CALR-dependent c-MPL activation takes place in iPS-derived hematopoietic stem cells.
Discussion
Here, we have shown that the expression of CALR Del52 and Ins5 mutants in ET and PMF patients promotes TPO-independent growth in UT-7/TPO cells through activation of the c-MPL downstream pathways. We have shown that c-MPL is indispensable for mutant CALR function in UT-7/TPO and iPS-derived hematopoietic stem cells expressing mutant CALR. By domain analysis of mutant CALR, we proposed a model in which the unique C terminus sequence of CALR potentially creates a structural change and subsequently promotes CALR N-domain binding to c-MPL. Although the exact mechanism underlying JAK2 activation by mutant CALR binding to c-MPL is unclear, these findings shed light on why the CALR mutation is in the same epistasis group as JAK2 and c-MPL for ET and PMF, where aberrant megakaryocyte formation has been described as a hallmark of these diseases. Homodimerization of the single-transmembrane cytokine receptor is required for the activation of downstream signaling molecules such as JAK2. However, our data indicate that mutant CALR does not promote homodimerization of c-MPL ( Figure 5B ), which suggests that the association between mutant CALR and c-MPL induces the structural change in the receptor-JAK2 complex required for activation. Interestingly, we recently found that mutant CALR also interacts with EPOR and CSF3R (supplemental Figure 1) . In concordance with these findings, our preliminary data suggest that mutant CALR interacts with c-MPL at the cytokine receptor homology domain (data not shown), which is conserved in EPOR and CSF3R. However, c-MPL has 2 sets of this domain, whereas EPOR or CSF3R has only 1. 26 Such a distinctive structural difference between c-MPL and EPOR or CSF3R may cause the differential JAK2 activation when binding to mutant CALR and selectively induce cytokine-independent growth in UT-7/TPO but not UT-7/EPO cells that exclusively express EPOR but not c-MPL ( Figure 1D ). For the activation of receptor-bound JAK2, a model of cytokine-induced complex structural change in the receptor-JAK2 complex has been proposed. 21, 27 Thus, a more detailed analysis of the structural change of the c-MPL-JAK2 complex induced by mutant CALR is required to further understand the molecular mechanism of c-MPL pathway activation by mutant CALR.
Based on these findings, we propose a model for mutant CALRinduced activation of JAK2 and its downstream signaling pathways through binding to c-MPL during MPN development ( Figure 7B ). Although more detailed molecular and structural analyses are required to understand this unique mechanism of JAK2 activation by CALR mutant proteins, our findings elucidate MPN pathogenesis and support the development of novel therapeutic strategies against MPNs with mutant CALR. For personal use only. on September 18, 2019. by guest www.bloodjournal.org From
